Abstract: Fertile plants were regenerated via organogenesis from cultures of Gossypium bickii Prokhanov cotyledonary nodes devoid of cotyledons. Cotyledonary nodes from 7-day-old seedlings yielded the maximum number of shoots (9.12 shoots per explant) using MSB medium [MS medium (Murashige & Skoog 1962) and B5 (Gamborg et al. 1968) vitamins] supplemented with the combination of 4 mg/L BAP (N6-benzyladinine) and 0.1 mg/L TDZ (thidiazouron), and the subculture was made on a medium containing 2 mg/L BAP. Elongation of multiple shoots was obtained on MSB medium containing 0.05 mg/L GA3 (gibberellic acid). For rooting, a modified half-strength MS medium was utilized. Some regenerants were transferred to a greenhouse, and most of them were morphologically normal and fertile. Histological studies revealed that proliferating buds originated directly from the superficial layers of the explants. Flow cytometric analyses and chromosome counting suggested that the regenerants and their offsprings were diploid. DNA content of regenerants and their offsprings was homogeneous and similar to that of seed-derived plants with unchanged chromosome number (2n = 26). Random amplified polymorphic DNA (RAPD) analysis confirmed the genetic homogeneity of the regenerants and their offsprings with the diploid parent.
Introduction
As one of the most important economic crops and the main resources of natural fibre, cotton needs an efficient genetic manipulation approach for crop improvement. Somatic embryogenesis and organogenesis are the two ways of morphogenesis to regenerate plants for further manipulation. However, plant regeneration is an important step in both ways. Thus, a reproducible and highly efficient plant regeneration scheme is required for plant species. Since somatic embryogenesis in cotton was first described by Price & Smith (1979) , significant progress has been made on cotton morphogenesis via somatic embryogenesis (Finer & Smith 1984; Firoozabady & DeBoer 1993; Sun et al. 2006) . To date, somatic embryogenesis is the most routine method of plant regeneration in cotton. A number of regeneration protocols via somatic embryogenesis have been developed for cotton using various explants and through manipulation of media composition and environment factors (Kumria et al. 2003) . However, genotype-dependent response, a prolonged culture period, high frequency of abnormal embryo development, low conversion rate of somatic embryos into plants, frequency of somaclonal variants and a lack of shoot elongation, which have contributed to a decline in the regenerability of the culture, are the problems associated with cotton regeneration. The occurrence of loss of regenerability seemed to be influenced by the plant genotype, explants type, the number of subcultures, and culture medium (Jain 2001) . It has been proposed that the loss of totipotency in long-term tissue cultures was a common event, which is irreversible for genetic alterations induced by some epigenetic alterations during prolonged culture period (Lambe et al. 1997) . Moreover, the majority of the reports on in vitro regeneration of cotton pertain to only some varieties such as Coker varieties. Afterwards, cotton organogenesis, using cotyledonary nodes with or without cotyledons and shoot tips, hypocotyls sections, shoot tips alone, apical meristems and whole or split cotyledonary nodes was achieved to induce multiple shoots in vitro and regenerate whole plants (Agrawal et al. 1997; Hazra et al. 2000) . However, the induction frequencies were not high and the basic mechanism of organogenesis was unknown.
Cytokinins have a significant influence on shoot regeneration during the critical induction phase. BAP is an important cytokinin used in the promotion of shoot regeneration (McClean & Grafton 1989; Agrawal et al. 1997) . TDZ is a substitutive phenylurea that induces shoot organogenesis in a wide variety of plant species (Tegeder et al. 1995) and is more potent than BAP 1/2MS macronutrients + 2 mg/L Glycine + 0.25% (w/v) phytagel + 1.5% (w/v) glucose + 0.5% (w/v) active charcoal in in vitro regeneration of shoots (Singh et al. 2003) . TDZ also induces high-frequency somatic embryogenesis in many plant species, either alone or in combination with other growth regulators (Murthy et al. 1998; Singh et al. 2003) . The types of explant and the physiological status of the donor plant present other important determinants of responsiveness for establishing an efficient in vitro shoot regeneration system. Adventitious shoot regeneration from vegetative shoot tips of different apple cultivars was significantly higher than that from leaves (Caboni et al. 2000) . Matt & Jehle (2005) showed that the regeneration efficiency was two-times to five-times higher when using internode sections instead of leaves. There are 51 species of cotton in the world, most of them are wild species except for four primary cultivars (Fryxell 1992) . The wild species represent exotic germplasm resources and a source of genetic diversity. G. bickii, a diploid wild cotton, which is resistant to cotton aphid and cotton red spider and tolerant to drought, and whose pigment glands are only present on the plants but not in the seeds, was regarded as a multiple useful germplasm for cotton improvement. However, there were few references for successful genetic manipulation of G. bickii (Sun et al. 2006) and no regenerated plant was obtained.
The objective of this study was to develop a protocol for multiple shoot induction and plant regeneration of G. bickii via organogenesis based on a modified MSB medium by using the combination of TDZ and BAP for multiple shoots induction, GA 3 for multiple shoots elongation and modified half-strength MS medium for rooting of shoots. Histological analysis confirmed the meristem of multiple shoots formation. Flow cytometric, cytological and molecular analysis indicated that most regenerated plants showed genetic homogeneity to the diploid parent.
Material and methods

Multiple shoots induction
Mature seeds of wild cotton (G. bickii) were obtained from Cotton Research Institute of CAAS (Chinese Academy of Agricultural Science). The seeds were surface-sterilized in 0.1% HgCl2 for 7-10 min, and subsequently washed four times with sterile distilled water. The surface sterilized seeds were cultured on half-strength MS medium with 0.25% (w/v) Phytagel (designated as MS1) for seedling germination and maintained in darkness at 28 ± 1 • C. On days 3 and 7 after inoculation of seeds, the cotyledonary nodes devoid of cotyledons (from 3-day-old seedlings and 7-dayold seedlings), hypocotyls sections (about 5 mm long), and cotyledons (about 9 mm 2 ) were collected and subsequently inoculated on solid MSB medium containing BAP (1-4 mg/L), TDZ (0.1-4 mg/L) or some combinations of PGRs (plant growth regulators), pH was adjusted to 5.85 prior to autoclaving at 121
• C for 15 min. Cultures were maintained at 28 ± 1 • C (16 h photoperiod) under cool white fluorescent light (light intensity 33 µmol/m 2 s) for 25 days. Subculture was made on the medium containing half-strength of PGRs. The 11 different media combinations were designated as MS2 to MS13 depending on the composition of PGRs (Table 1). At the 40th day, only those explants which formed a minimum of one shoot were considered as responders (expressed as the percent explants response), while formation of more than two shoots by an explant was considered as induction of multiple shoots. The data in the experiment were subjected to analysis of variance by LSD test. The significant differences between mean values obtained from four independent experiments were analysed by the least significant difference test at a 5% level of probability, with values presented as means ± standard errors.
Elongation and rooting of in vitro shoots
Multiple shoot masses were transferred to half strength MSB medium containing 0.25% (w/v) phytagel and 3% (w/v) glucose and supplemented with 0.05 mg/L GA3 (designated as MS14). When elongated, the shoots (4-5 cm) were excised and cultured on modified half-strength MS medium (half concentration of MS macronutrients, containing 2 mg/L Glycine, 0.25% (w/v) phytagel, 1.5% (w/v) glucose and 0.5 g/L active charcoal) (designated as MS15). Cultures were incubated at 28 ± 1
• C under cool white fluorescent light with a 16 h photoperiod. Seven rooted shoots were transferred to soil and kept in a greenhouse.
Histology
To confirm the origin of shoots, the cotyledonary nodes with multiple shoots developed in MS8 medium were cut to small sizes and fixed in 10% formalin at room temperature for at least 48 hours before use. The dehydrating and infiltrating 
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Significant differences were found among means with different letters (A, B, C) at p ≤ 0.05 according to LSD test. a explants formed at least one shoot on average were considered as responders (expressed as the percent explants response) (n = 5) b explants formed more than two shoots by an explants was considered as induction of multiple shoots (n = 5) of the specimen is usually performed by a serial processing according to the following protocol. The samples were put in gradient alcohol (50%, 70%, 95% and 100%) for 2 h each and in gradient chloroform (50%, 75% and 100%) for 2 h each. The embedding was performed for 48 h in 50% paraffin, 1 h in 75% paraffin and 30 minutes in 100% paraffin. Section paraffin blocks were sliced to a desired thickness (usually 4-8 µm) using a microtome (Kedi, Beijing, China) and transferred onto clean slides. The slides were then dried overnight and stored at 37
• C until ready for use. Before staining, the slides were placed in a 55
• C oven for 10 min to melt the paraffin and deparaffinized in 2 changes of xylene for 30 min and 5 min respectively, then were transferred to gradient alcohol (100%, 95%, 85%, 70%, 50% and 30%) for 50 s each and ddH2O for 2 min before being stained with Safranin for 5 min. After the first staining, the rinsed slides were transferred to gradient alcohol (30%, 50%, 70%, 85% and 95%) for 30 s each, and then were stained with Fast Green, followed by dehydrating in 2 changes of 100% alcohol for 50 s and then in 2 changes of xylene for transparency. Finally, the slides were observed under a microscope (Leica DM2500, Germany) after being sealed.
Analysis of ploidy level and chromosome counting
The ploidy level of the regenerants was determined by flow cytometry as described by Sun et al. (2004) . Approximately 1.5 cm 2 of young leaves from seed derived plants, 10 of the morphologically normal regenerants and its offsprings were thoroughly chopped using a sharp blade in 500 µL nucleus extraction buffer for 30 s. After filtration through a 50 µm nylon mesh, 1.5 mL of DAPI (4, 6-Diamidino-2-Phenylindole) solution was added to stain the nuclei. The mixture was analysed immediately using a flow cytometry (Partec, Munster, Germany). The relative DNA content of the seed-derived plants was taken as a standard and adjusted to 50 channels.
Metaphase plates were prepared according to the method of Yang et al. (2007b) . 1-cm-long young root tips collected from the regenerants, their offsprings and the diploid parent were put into saturated p-dichlorobenzene for 3.5-4 h at room temperature and subsequently fixed in Carnoy's solution of ethanol-acetic acid mixture (3:1) for at least 24 h at 4
• C and kept in 70% alcohol before use. Then the fixed root tips were rinsed in water and hydrolysed in 5 N HCl for 25 min before being transferred to a clean slide and stained with Carbol Fuchsin solution. Finally, the slides were examined and photographed using a microscope (Leica DM2500, Germany) after being sealed.
RAPD analysis of the regenerated plants
Ten random plants were analysed by RAPD analysis according to Yang et al. (2007b) . Total genomic DNA was isolated from young leafs of the regenerants, their offsprings and the diploid parent according to the CTAB (cetyltrimethyl ammoniumbromide) procedure of Paterson et al. (1993) . Forty-nine 10-mer primers (S1161-S1209, Sangon, Shanghai, China) were used for amplification of the template DNA.
Results
Effect of explants on shoots induction
The induction of multiple shoots from explants was influenced by the type of explants (Table 2) . Among the explants (cotyledonary nodes, hypocotyls and cotyledons) used, only the cotyledonary nodes explants produced multiple shoots on the MSB medium supplemented with BAP or TDZ alone or in combination, and more than one shoot per explant was induced in these mediums. Expansion of the cotyledons was observed in some mediums, and a few calli were produced around the cuts. Few hypocotyls sections expanded, and most did not change during the early culture period and then gradually died. The age of the explants affected the response percentage more than the number of shoots per explant. Shoots were induced from the explants of 3-day-old seedlings and 7-day-old cotyledonary nodes. The explants gave responses just in few days after being transferred to shoot induction medium (Fig. 1A) . However, the response percentage of explants was higher with 7-day-old cotyledonary nodes than with 3-day-old cotyledonary nodes. The response percentage was less than 30% for 3-day-old cotyledonary nodes but more than 60% for 7-day-old cotyledonary nodes in most treatments. But with the two kinds of explants at the Fig. 1 . Different stages of shoot organogenesis and plant regeneration in Gossypium bickii. A -Cotyledonary nodes devoid of cotyledons from 7-day-old seedlings developed on shoot induction medium for 10 days; B -Induction of multiple shoots on MS 4 medium after 40 days of culture; C,D -Formation of many vitriform shoot buds from the cotyledonary node explants after culture on media containing high concentration of TDZ; E,G -Formation of many shoots from the cotyledonary node explants on MS 9 medium after 20, 30, 40 days respectively; H -Elongation of the regenerants on medium with GA 3 ; I,L -Histological sections showing direct shoot organogenesis on the surface region of the embryo axis explants. M,N -The regenerants developed roots in modified half-strength MS medium supplemented with active charcoal; O,Q -The plants transferred to soil developed in greenhouse and set seeds. Scale bars = 0.01 mm.
same level of PGRs, when the explants responded, there was no significant difference in the number of shoots produced per explant.
Effect of BAP and TDZ on shoot formation
The cytokinin type and concentration had significant effect on the induction of multiple shoots from explants (Table 2) . Although each cotyledonary node had two dormant axillary buds and a primary shoot apex, MS basal medium without BAP or TDZ did not support the induction of multiple shoots from all the explants. Almost 100% of the explants had no response, and formation of less than two shoots on average was observed with low concentration of BAP or TDZ alone. This could be due to apical dominance of the growing shoots. BAP alone at a concentration of more than 2 mg/L induced multiple shoots and increased shoots formation with higher concentrations (Fig. 1B) . The substitution of BAP with TDZ improved multiple shoots formation from the explants. When TDZ was used, high or low in concentration, more shoots were induced in the medium, with the number of shoots produced increasing with growing concentration of TDZ. Among the two cytokinins, TDZ was more efficient than BAP in inducing multiple shoots at the same concentration and even lower concentration of TDZ could induce more shoots. The meristem tip culture produced a limited amount of callus at the cut surface of the explant when cultured on the medium containing the combination of 2 mg/L TDZ and different levels of NAA (a-Naphthaleneacetic acid).
Of the different concentrations of BAP or TDZ used in this experiment, the highest response percentage and the highest average number of shoots per explant were obtained on the medium containing 4 mg/L TDZ (Table 2 ), but most of the shoots showed clumps Figs 1C-D) . When transferred to elongation medium, those shoots stopped developing and gradually died. Lower levels of TDZ combined with BAP induced relatively fewer shoot buds than 4 mg/L TDZ, but some of these developed rapidly into shoots. The best medium for induction and elongation of shoots for G. bickii was the combination of 4 mg/L BAP and 0.1 mg/L TDZ. When the explants were incubated in this induction medium for several days, many shoots buds emerged (Figs 1E-F) , and some shoot buds developed into shoots with 2-3 cm in length in 40-day culture period (Fig. 1G ) and 4-5 cm in length in 40-50 days after being excised from the explant and transferred to the shoot elongation medium (Fig. 1H) .
Histological observations made on explants cultured on the medium containing 2 mg/L TDZ at 25 days of development confirmed the direct multiplication of shoot bud initials and shoot formation ( Figs  1I-L) . The shoot buds emerged from the epidermal region of the explants and the development was not synchronously induced. The formation of buds at different stages of development was observed on the proximal end of the shoot tips. The shoot buds had a well-developed shoot meristem surrounding the explant. As showed in Fig. 1I , the shoot buds were produced all over the explants and showed no directions. It could also be seen that the shoot buds had well-developed vascular connections with the explants.
Rooting and regeneration of plantlet in soil Root initiation of elongated shoots in vitro occurred after 15-20 days on half-strength MS basal medium with or without 0.5 g/L active charcoal (Fig. 1M) . Formation of 3-5 cm long roots (Fig. 1N) was observed among 60% of shoots on modified half-strength MS basal medium with active charcoal. Use of low-salt MS medium and active charcoal for rooting of in vitro shoots in cotton has been reported (Sun et al. 2006 ). The shoots without roots formation were grafted as described by Jin et al. (2005) . Several surviving shoots with fully developed roots were transferred to pots under greenhouse conditions (Fig. 1O) , and then to field conditions after a few days of acclimatization (Fig. 1P) . Normal boll formation was observed in all the tissue culture derived plants after growing in field or pots for several months (Fig. 1Q) .
Ploidy level analyses of regenerated G. bickii plants Flow cytometric analysis, a technique which has been described as being rapid, reliable and sensitive for ploidy analysis (Sun et al. 2004) , was employed to identify the ploidy of a large number of regenerants and seed-derived control plants. The gain value was adjusted so that the peak of nuclei isolated from a control diploid plant was set at about channel 50 ( Fig. 2A) . One peak of fluorescence corresponding to a 2C complement of DNA in G0 and G1 phase cells in the regenerants and their offsprings was also observed ( Figs  2B-D) . All regenerants and their offsprings examined were diploid, morphologically normal and no obvious change in ploidy was observed.
The primarily identified regenerants were examined cytologically. New roots of the seed-derived plants, the regenerants and its offsprings were collected for chromosome counting. All the plants checked had 2n = 26 chromosomes (Figs 2E-H) , further indicating that no obvious change in the ploidy of the regenerants and their offsprings occurred to the control diploid parent. Fig. 3 . RAPD analysis of the genetic homogeneity of the regenerants and the offsprings with the seed-derived plants. A -RAPD band pattern regenerated by primer S1166 (5'-GTCACGTCTC-3'); B -RAPD band pattern regenerated by primer S1167 (5'-ACCACCCGCT-3'). M, 100bp DNA marker; Lane ck, seedderived plants; 1-10, the regenerated plants; f1, the offsprings plant.
RAPD analysis of the genetic homogeneity of the regenerants Among the 49 random primers, 39 primers showed 92 clear reproducible bands ranging from 200 to 1200 bp. The number of bands for each primer varied from 2 to 5. All the 92 markers produced showed monomorphic for ten randomly selected regenerated plants, their offsprings and seed-derived parent plant. The amplified band patterns showed representative amplified band patterns produced by primer S1166 (5'-GTCACGTCTC-3') and S1167 (5'-ACCACCCGCT-3') ( Figs 3A-B) . Among those 92 reproducible random regions, the regenerants and the offsprings showed no variation to the control plants, indicating that those plants have genetic homogeneity. The results of three repetitions of the analysis showed a highly identical RAPD patterns.
Discussion
We investigated the ability of induction and formation of multiple shoots in G. bickii. Our results confirmed earlier observations that the age of donor seedlings (Agrawal et al. 1997 ) has considerable effect on regeneration efficiency. We further demonstrated the influence of the type and the age of explants on the response percentage of multiple shoot formation. This may suggest that there is a considerable variation existing between different types of explants in their ability to form shoots. Researchers exploited various types of explants used for organogenesis, such as cotyledonary nodes with or without cotyledons, shoot tips, hypocotyls sections, shoot tips alone, apical meristems and whole or split cotyledonary nodes, cotyledons, leaf discs, petioles, petals, anthers, immature or mature embryos (Hazra et al. 2000) . Successful regeneration was described more often when cotyledonary nodes and shoot apexes were used (Charisse et al. 1994; Agrawal et al. 1997; Caboni et al. 2000) .
Our data on induction of organogenesis in cotton with TDZ and BAP provides further evidence for the role of TDZ and BAP in the process of in vitro regeneration. Appropriate concentration of BAP can induce multiple shoots, and some of the shoots developed when transferred to low level of BAP and elongated in elongation medium when excised from explants. A study on early events of multiple bud formation of soybean by photomicrography, scanning electron microscopy, histology and autoradiography, suggested that transient exposure to BAP interrupted chromosomal DNA replication and reprogrammed the developmental fate of a large number of cells in the shoot apex (Charisse et al. 1994) . For shoot organogenesis induction, TDZ is more efficient than BAP, although BAP alone could stimulate shoots regeneration and multiplication in some cases. TDZ was first used for the mechanized harvesting of cotton bolls and more recently incorporated into tissue culture media as a PGR to induce regeneration, and it acted as a substitute for both the auxin and cytokinin requirements of organogenesis and somatic embryogenesis in several species (Murthy et al. 1998 ). The number of shoots induced by TDZ was concentration dependent. It was reported that TDZ suppresses the growth of apical meristems and induces shoots from sub-meristems resulting in multiple shoots formation (Tzitzikas et al. 2004 ). Furthermore, it has been proposed that TDZ-induced morphogenesis is related to the levels of endogenous growth regulators (Murthy et al. 1995) , and it might be involved in the regulation of the endogeneous cytokinins in plant tissue (Capelle et al. 1983 ). Murch et al. (1999) demonstrated that TDZinduced regeneration is accompanied by an accumulation of ABA, proline, and specific ions. But BAP was a more effective enhancer for bud elongation and subsequent formation of normal shoots when compare with TDZ. Shoot buds appeared as small clusters and most of them were friable, only very few elongated shoots were obtained at a lower concentration of TDZ treatment and these shoots seems to be abnormal, which was attributed to the detrimental effects of the TDZ. Nielsen et al. (1993) indicated that shoot size was highly negatively correlated with the number of shoots on a shoot cluster and that at higher TDZ concentrations the shoot size was reduced. Therefore, shoot multiplication can be manipulated by regulating the type and concentration of the hormone. And in this study we combined the two cytokinins in the induction medium to induce multiple shoots, just as some reports using TDZ for pre-culture and then transferring to BAP for shoot multiplication and elongation in other species (Tegeder et al. 1995) .
In recent years, many research groups have been involved in establishing reliable regeneration procedures for cotton, because it would be a primary step to facilitate gene introduction and improvement of the crop. Advances have been made using biotechnological techniques such as ovule culture (McStewart & Hsu 1977) , protoplast culture (Yang et al. 2007a) , somatic embryogenesis (Sun et al. 2006) , genetic transformation (Jin et al. 2005 ) and organogenesis (Agrawal et al. 1997; Hazra et al. 2000) . Tissue culture techniques showed a great potential in cotton improvement for providing plants with the ability to regenerate in large numbers. While somaclonal variation was a more inevitable phenomenon as the emergence of tissue culture in crop breeding programs, it is necessary to detect the variation status when propagating plant in mass. Lee et al. (1999) found a wider range of variation among protoclones of rice when compared with seed-derived plants. The number of subcultures and the age of the cultures are important in reducing somaclonal variation. Tissue culture system acted as a mutagenic system because explants might reprogramme during plant regeneration which was different from that under natural conditions. Reprogramming or restructuring during plant growth might create a wide range of variation in newly regenerated plants (Jain 2001) . Compared with the pro-long culture period of somatic embryogenesis, organogenesis took much shorter time which would be beneficial for reducing variation frequency. In this study, the average period from explant inoculation to plant regeneration took only about 14-19 weeks. It saved nearly 4-5 months for regeneration compared with somatic embryogenesis in wild cotton species according to the scheme provided by Sun et al. (2006) . In tissue culture, somaclonal variation might occur at the chromosomal level or molecular level. Flow cytometric, cytological analysis and molecular markers such as RAPD, RFLP (restriction fragment length polymorphism), and SSR (simple sequence repeat) were ideal approaches to evaluate somaclonal variation. Most reports on organogenesis in cotton have not referred to identifying the inheritance of the regenerants (Agrawal et al. 1997; Hazra et al. 2000) , while some just mentioned cytological approaches for confirming the regenerants in other plants (Lacroix et al. 2003) . In this study, we combined cytological and molecular methods to identify the genetic homogeneity of the regenerant and their offsprings as the seed-derived diploid parents. The results strongly suggested that organogenesis possessed its unsubstitutable advantages. The results could be of some significance for cotton biotechnological manipulation, such as genetic transformation and mass proliferation.
